Reactions of the bis(tricyclohexylphosphine) ruthenium alkylidene complexes (PCy 3 ) 2 (Cl) 2 -Ru=CHPh, (PCy 3 ) 2 (Cl) 2 Ru=CHCH=CPh 2 , and (PCy 3 ) 2 (Cl) 2 Ru=CHCH=CMe 2 with excess pyridine (py) cleanly furnish the six-coordinate bis(pyridine) derivatives (PCy 3 )(py) 2 (Cl) 2 -Ru=CHPh, (PCy 3 )(py) 2 (Cl) 2 Ru=CHCH=CPh 2 , and (PCy 3 )(py) 2 (Cl) 2 Ru=CHCH=CMe 2 , respectively. In solution, there is evidence for an equilibrium between (PCy 3 )(py) 2 (Cl) 2 -Ru=CHPh and a five-coordinate mono(pyridine) derivative, (PCy 3 )(py)(Cl) 2 Ru=CHPh. This mono(pyridine) complex can be isolated by heating (PCy 3 )(py) 2 (Cl) 2 Ru=CHPh in toluene under dynamic vacuum to remove dissociated pyridine as a toluene azeotrope. The diphenylvinylcarbene complex (PCy 3 )(py) 2 (Cl) 2 Ru=CHCH=CPh 2 has been structurally characterized by X-ray diffraction, and it exhibits a vinylcarbene ligand tilted by ~30º with respect to the Cl(1)-RuCl(2)-C(1) plane. In addition, the Ru-N bond located trans to the vinylcarbene is elongated by a substantial 0.136(2) Å in comparison to the Ru-N bond located trans to the tricyclohexylphosphine. The dimethyl-vinylcarbene derivative (PCy 3 )(py) 2 (Cl) 2 Ru=CHCH=CMe 2 can be isolated as well, but it decom-poses rapidly when redissolved. Surprisingly, reaction of (PCy 3 ) 2 (Cl) 2 Ru=CHPh with 1-methyl-imidazole (1-MeIm) follows a different route and provides the cationic tris(imidazole) product [(PCy 3 )(1-MeIm) 3 (Cl)Ru=CHPh][Cl], which also has been structurally characterized. These new compounds are interesting examples of ruthenium alkylidene complexes coordinated with hetero-cyclic N-donor ligands, but they display mediocre catalytic activity for the ring-closing metathesis of diethyl diallylmalonate.
Introduction
As part of our efforts to develop improved olefin metathesis catalysts, we are interested in studying the effects of diverse ligands on the properties of ruthenium alkylidene complexes. For the class of L 2 X 2 Ru=CHR complexes, the X-and L-type ancillary ligands can be varied, as well as the substituents on the functional alkylidene ligand. We [1] [2] [3] [4] [5] [6] [7] [8] [9] and others [10] [11] [12] have found that changes in this ligand sphere can have profound and largely unpredictable effects on catalytic activity, stability, and selectivity. 13 Several examples are illustrated in Figure 1 : in comparison to (PCy 3 ) 2 (Cl) 2 Ru=CHPh (1) or (PCy 3 ) 2 (Cl) 2 Ru=CHCH=CPh 2 , the diiodide derivative exhibits enhanced initiation properties, 2 the N-heterocyclic carbene derivative displays increased catalytic propagation rates, 3, 14 and the Schiff-base derivative displays greater thermal stability. Previous work has shown that the reaction of (PPh 3 ) 2 (TFA) 2 Ru=CHCH=CPh 2 (TFA = trifluoroacetate) with 1-vinylimidazole initially produces a mono(imidazole) species in which the imidazole is coordinated trans to the vinylcarbene ligand (Scheme 1). 5 However, the ultimate product is the bis(imidazole) complex (PPh 3 )(1-vinylimidazole) 2 (TFA) 2 Ru=CHCH=CPh 2 . This result provided the first evidence that heterocyclic N-donor ligands could be used to stabilize ruthenium alkylidene complexes, albeit in a coordinatively-and electronically-saturated example. We have extended this study to the bis(tricyclohexylphosphine) dichloride system (PCy 3 ) 2 (Cl) 2 -Ru=CHR (R = Ph, CHCPh 2 , CHCMe 2 ), and in this paper, we describe several new ruthenium alkylidene complexes coordinated with pyridine and imidazole ligands. H NMR provides further insight into the nature of complex 2. At −50°C, the Ru=CH α resonance appears at δ 20.5, and when the temperature is increased to 60 °C, it shifts upfield to δ 19.8. Such a large change in chemical shift as a function of temperature is consistent with an equilibrium situation, in this case between the bis(pyridine) complex (PCy 3 )(py) 2 (Cl) 2 Ru=CHPh (2) (dominant at lower temperature) and a mono(pyridine) complex, (PCy 3 )(py)(Cl) 2 Ru=CHPh (3) (dominant at higher temperature). To verify this conclusion, a solution of 2 in toluene was heated at 35 °C under dynamic vacuum to remove dissociated pyridine as a toluene azeotrope. The product obtained by this method exhibits a 1 H NMR resonance at δ 19.8 that is consistent with 3 (Scheme 2). Furthermore, integration of the aromatic region indicates that only one equivalent of pyridine is present. The 31 P{ 1 H} NMR spectrum consists of a sharp resonance at δ 38.4, which is shifted slightly downfield compared to 2. Addition of excess pyridine-d 5 to this sample results in an immediate change from darker to lighter green, and the re-formation of 2 is indicated by the shift of the Ru=CH α resonance back downfield (δ 20.4). Reaction of 1 with an excess of dimethylaminopyridine (DMAP) provides the analogous bissubstituted product (PCy 3 )(DMAP) 2 (Cl) 2 Ru=CHPh. However, this complex has not been isolated because of co-precipitation with excess DMAP, and only partial conversion to (PCy 3 )(DMAP) 2 (Cl) 2 Ru=CHPh occurs if two equivalents of DMAP are used. Similar reactions of 1 with 2-methylpyridine, 2,6-dimethylpyridine, and perfluoropyridine were unsuccessful. In these cases, the equilibrium for phosphine displacement presumably is unfavorable because of steric interactions with the ortho methyl substituents in 2-methylpyridine and 2,6-dimethylpyridine, and the electronic deactivation of perfluoropyridine.
1-vinyl imidazole

Pyridine-coordinated ruthenium vinylcarbene complexes
As illustrated in Scheme 3, reaction of the diphenylvinylcarbene complex (PCy 3 ) 2 (Cl) 2 
Scheme 3. Reactions of two ruthenium vinylcarbene derivatives (PCy 3 ) 2 (Cl) 2 Ru=CHCH=CR 2 with pyridine.
The crystal structure of 5 is shown in Figure 2 . The diphenylvinylcarbene ligand [C(1)−C(2)−C(3)] is tilted ~30° out of the Cl(1)−Ru−Cl(2)−C(1) plane, with the diphenyl substituent directed away from the tricyclohexylphosphine. In comparison, the vinylcarbene moiety in the structure of (PCy 3 ) 2 (Cl) 2 Ru=CHCH=CPh 2 (4) is oriented fully in the Cl−Ru−Cl−C α plane, 15 whereas in the structures of (PPh 3 ) 2 (Cl) 2 Ru=CHCH=CPh 2 and (PPh 3 ) 2 (Cl) 2 -Ru=CHCH=CMe 2 , 7, 16 it is oriented fully in the P−Ru−P−C α plane. These changes likely are due to the different steric requirements of the pyridine and phosphine ligands. Another notable feature is that the Ru-N bond located trans to the vinylcarbene is significantly longer [by 0.136(2) Å] than that located trans to the tricyclohexylphosphine. A similar effect occurs in (H 2 IMes)(py) 2 -(Cl) 2 Ru=CHPh (H 2 IMes = 1,3-dimesitylimidazolidine-2-ylidene) and can be ascribed to the strong trans influence of the alkylidene ligand. (4), Ru-
Imidazole-coordinated ruthenium benzylidene complexes Surprisingly, reaction of (PCy 3 ) 2 (Cl) 2 Ru=CHPh (1) The identity of 8 was confirmed by X-ray diffraction (Figure 3) . Unfortunately, the quality of this structure is poor because the crystal was twinned and contained multiple disordered dichloromethane solvent molecules. The Ru=C distance in 8 [1.874(6) 
Olefin metathesis activity
We reasoned that as a potential olefin metathesis catalyst, complex 3 might have enhanced initiation properties in comparison to 1 because of the expected greater lability of the pyridine ligand. According to our mechanistic model, 14 initiation involves formation of the 14-electron intermediate (PCy 3 )(Cl) 2 Ru=CHPh, which then enters the catalytic cycle ( Figure 4 ). Upon addition of 25 equivalents of diethyl diallylmalonate to a solution of 3, the color immediately changes from green to orange. After 15 minutes at room temperature, 1 H NMR spectroscopy indicates that ~20% of the substrate is converted to the ring-closed product, but no Ru=CH α -containing species are present and the reaction does not continue. These observations suggest that within this time, all of 3 enters the catalytic cycle, consistent with fast initiation, but the active species does not continue to propagate for more than a few turnovers. In an effort to stabilize the propagating alkylidene and methylidene species (Figure 4) , the experiment was repeated in the presence of ten equivalents of pyridine. After 35 minutes at room temperature, the 1 H NMR spectrum shows only ~10% conversion and the presence of complex 2 (possibly as part of an average of 2 and 3). Heating at 38°C for 30 minutes provides an additional 10% of ring-closed product, but all Ru=CH α signals disappear within this time and the reaction does not continue. Thus, we conclude that even though 3 initiate more quickly than 1, the propagating species are unstable under these conditions and decompose rapidly. The presence of excess pyridine decreases initiation, presumably by formation of the bis(pyridine) complex 2 in situ.
We also tested complex 8 in the ring-closing metathesis of diethyl diallylmalonate. With a catalyst loading of 5 mol% in 0.05 M CD 2 Cl 2 , the reaction went to 52% conversion after 2.5 hours at 40°C. At this time, no carbene H α signals were present and the reaction did not continue, which is consistent with catalyst decomposition. Figure 4 . The ring-closing metathesis of diethyl diallylmalonate with catalysts 1 or 3.
Conclusions
In this study, we have synthesized several new ruthenium alkylidene complexes coordinated with tricyclohexylphosphine, pyridine, and imidazole ligands. The six-coordinate bis(pyridine) derivatives (PCy 3 )(py) 2 (Cl) 2 Ru=CHPh (2), (PCy 3 )(py) 2 (Cl) 2 Ru=CHCH=CPh 2 (5), and (PCy 3 )-(py) 2 (Cl) 2 Ru=CHCH=CMe 2 (7) are readily accessible by the addition of excess pyridine to the bis(tricyclohexylphosphine) precursors. These substitution reactions of one phosphine ligand with two pyridine ligands most likely occur through an associative mechanism, by analogy to the conversions of (PPh 3 ) 2 (TFA) 2 Ru=CHCH=CPh 2 to (PPh 3 )(1-vinylimidazole) 2 (TFA) 2 -Ru=CHCH=CPh 2 (Scheme 1) and (H 2 IMes)(PCy 3 )(Cl) 2 Ru=CHPh to (H 2 IMes)(py) 2 (Cl) 2 -Ru=CHPh. 5, 17 In this mechanism, one pyridine first binds trans to the alkylidene, followed by phosphine dissociation and coordination of the second pyridine. In solution, there is evidence for an equilibrium between (PCy 3 )(py) 2 (Cl) 2 Ru=CHPh (2) and the five-coordinate mono(pyridine) derivative, (PCy 3 )(py)(Cl) 2 Ru=CHPh (3), which can be isolated. However, under turnover conditions in the ring closing of diethyl diallylmalonate, the dissociated pyridine ligands of 2 or 3 are unable to sufficiently stabilize the resting state of the active species, and thus these complexes are not particularly effective as catalysts.
Nevertheless, the pyridine-coordinated complexes in this work may find other applications. For example, (H 2 IMes)(py) 2 (Cl) 2 Ru=CHPh has been used as a precursor to other (H 2 IMes)(L)-(Cl) 2 Ru=CHPh complexes, 17 and a bis(pyridine) derivative with a chiral N-heterocyclic carbene ligand has been synthesized for its crystallization properties. 9 We also note that two examples of ruthenium alkylidene complexes with tethered pyridine ligands have been reported recently.
11,12
Experimental Section General Procedures. All manipulations were performed using a combination of glovebox, high vacuum, and Schlenk techniques under a nitrogen atmosphere. Solvents were dried and degassed by standard procedures. NMR spectra were measured on Varian Inova 500, Varian Mercury 300, and JEOL JNM-GX400 spectrometers. 1 H NMR chemical shifts are reported in ppm relative to SiMe 4 (δ = 0) and referenced internally with respect to the protio solvent impurity. 13 C NMR spectra were referenced internally with respect to the solvent resonance. 31 P NMR spectra were referenced using H 3 PO 4 (δ = 0) as an external standard. Coupling constants are in hertz. Elemental analyses were determined by Midwest Microlab, Indianapolis, IN. Mass spectral analysis was performed at the Southern California Mass Spectrometry Facility (University of California, Riverside). 243 mmol) and toluene (5 mL). Pyridine (500 µL, 6.18 mmol, 25 eq) was added by syringe, and the solution immediately changed from purple to green in color. The reaction was stirred at room temperature for 30 min. The solution was transferred by cannula to another Schlenk flask with hexanes (~20 mL) at 0° C. The resulting light green precipitate was isolated, washed with cold hexanes, and dried under vacuum. 1 with λ = 0.71073 Å. The crystals were mounted on glass fibers with Paratone-N oil. Data were collected as ω-scans with the detector 5 cm (nominal) distant at a θ of −28°. The data were processed with SAINT. 24 SHELXTL 24 was used to solve (direct methods) and refine both structures using full-matrix least-squares. No decay correction was necessary. The asymmetric unit for 5 consists of one molecule of 5 and one molecule of pyridine. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were refined isotropically. The crystal of 8 was twinned, with the two components related by a two-fold rotation about c*. Each twin component was integrated separately. The merging R-factors for the major and minor twin components were 0.094 and 0.145, respectively. Application of SADABS resulted in relative minimum and maximum transmission ranges of 1.000−0.7936 and 1.000−0.6188 for the major and minor twin component, respectively; this range is greater than expected for absorption and presumably results from integration problems due to peak overlaps The data files of both components were then combined using Gemini; reflections were grouped into three overlap categories with reciprocal difference vectors ranging between 0.000−0.007 (complete overlap, 15871 reflections), and two partial overlap bins (34129 reflections) with difference vector ranges of 0.007−0.014 and 0.014−0.023 Å. Batch scale factors were refined for each group. The twin ratio refined to 1.8:1 based on completely overlapped reflections. The asymmetric unit for 8 consists of two crystallographically independent molecules of 8 and multiple disordered dichloromethane molecules, which were modeled by approximately 4.42 molecules spread over four sites with occupancies of 1, 1, 1, and 1.42. The fourth site contains a combination of three molecules; sometimes only one is present but never more than two are allowed due to steric considerations. All atoms were refined isotropically. Hydrogen atoms were placed at calculated positions (methyl groups were allowed to rotate) with displacement parameters based on those of the attached atoms. Graphics were prepared with the Diamond and SHELXTL programs. 24 Crystallographic data (excluding structure factors) for the structures in this paper have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication numbers 178708 (for 5) and 180988 (for 8). 
